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Due to the unique nature of the coal mining industry, safety is always one highly upheld premise of high production and high
efficiency. According to the stress adjustment characteristics of the surrounding rocks in roadway excavation under a
nondisruptive environment, the stress paths of unloading confining pressure and loading axial pressure were designed
creatively and vividly, and the coal mechanical properties and energy evolution law under different loading axial pressure rates
were studied through a series of experiments. As the loading axial pressure rate increases, the mechanical parameters at the
time of coal failure show a nonlinear increase in the peak strength, the confining pressure, and the axial strain, while the
variation laws of lateral strain and volumetric strain are not obvious. In addition, the failure mode transfers from the brittle
failure to the ductile failure. In terms of energy, the positive work done by the axial pressure, the total work, and the elastic
strain energy tend to increase nonlinearly, while the negative work done by the confining pressure and the plastic strain energy
increase conversely. The elastic strain energy conversion rate increases logarithmically, indicating that a higher loading axial
pressure rate tends to increase the probability and strength of coal instantaneous failure and subsequent dynamic behaviors.
The research results reveal that providing an appropriate pressure relief and timely support after the roadway excavation in the
actual production process can effectively reduce the energy level of the environment at the location of the surrounding rock
support system, which is conducive to the roadway support and the surrounding rock stability control. Furtherly, it has
important reference value for the roadway excavation and other underground engineering excavation and support operations
and is of great significance to promote the development of deep resources.

1. Introduction

The deep resource development is considered as an impor-
tant strategic direction after the deep sea, deep space, and
deep blue in China, which is a scientific research highland
pursued in the field of science and technology in the world
[1, 2]. The relevant mechanical properties of engineering
coal and rock mass serve as the foundation for the design,

construction, and related disaster prevention of geotechnical
and underground engineering and have always been favored
by the scientific and technological workers all the time. In
recent years, some studies have shown that in practical engi-
neering, especially underground or mining engineering, the
stress characteristics of excavation surrounding rock are
more in line with the stress path of unloading confining
pressure and axial loading [3-5]. Zhao [6] analyzed the rock
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FiGuRre 1: The coal specimen.

FiGure 2: The 815.02 electro-hydraulic servo-controlled rock
mechanics testing system.

mechanic principle of major deep engineering in details and
discussed eight unsolved century-old problems of rock
mechanics. Li et al. [7] systematically reviewed and analyzed
the important research progress and deficiencies of unload-
ing rock mass mechanics test from three aspects: indoor rock
triaxial unloading test, engineering rock excavation unload-
ing model test, and engineering rock field excavation
unloading test. A series of granite rockburst experiments at
different unloading rates were performed by He and Zhao
[8], which indicates that unloading rate has great influence
on failure modes of specimens. Guo et al. [9] investigated
the influences of the unloading rate on the mechanical prop-
erties of siltstone through an experiment featured with a
constant axial pressure and unloading confining pressure
and concluded that a high unloading rate increased the risk
of rockburst. Ji et al. [10] discussed the mechanism of the
unloading-induced fracture activation through a series of
experiments and proposed a new approach to estimate the
maximum seismic moment. Wang et al. [11] analyzed the
effects of various unloading rates, the initial confining pres-
sure [12], and the unloading time on the tension-shear ratio
through a granite experiment featured with the unloading
confining pressure and loading axial pressure, along with
the failure mechanism of excavation disturbance. Zhu et al.
[13] and Qian et al. [14] mainly researched the influences
of the unloading stress path, unloading rate, and unloading
point. The existing studies have revealed that as high as
80% of the failure strength under the corresponding confin-
ing pressure is generally selected at the unloading point
[15-18]. Under the same loading and unloading stress path,
(1) a higher initial confining pressure tends to lead to more
energy stored in the coal body and severer damages; (2) a
higher unloading rate tends to lead to less energy stored in
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the coal body, which is more prone to brittle failure and
the more complex the damage degree [19-21]; Xue et al.
[19] indicated that the energy required for rock failure is a
definite value under certain conditions and is not affected
by the stress loading path. Regarding the researches on the
engineering properties of excavation rock mass, in addition
to the above-mentioned influencing factors, the loading axial
pressure rate is also a critical factor and mainly reflects the
speed of stress concentration in the construction environ-
ment. However, limited researches have been conducted in
this regard. Feng et al. [22] found that the evolution law of
deformation and permeability parameters is basically consis-
tent with the change in loading and unloading rate in the
stage of axial stress loading and confining pressure unload-
ing. Currently, the research on the performance mechanism
of loading axial pressure rate in the experiment of unloading
confining pressure and loading axial pressure is very limited,
resulting in the needs to be explored urgently.

Meanwhile, the coal consumption in China accounted
for 56.0% of the total energy consumption in year 2021,
indicating that coal is and will be still a dominating energy
source in a certain period of time in the future [23]. Faced
with the objective reality of the coal resources reduction or
depletion and the actual consumption demand of a large
proportion, the mining pattern has shifted to high buried
depths, complex geological conditions, and high-intensity
operations. However, the statistic has revealed that frequent
accidents have seriously affected the safe and efficient pro-
duction of mines [24-26]. The key to effectively solve the
safety problem of deep resource development still lies in
the engineering rock mechanics. Xie [27] and He [28] sug-
gest that due to the strong construction disturbance,
increased water inflow, the occurrence environment of the
“three highs” (high ground stress, high temperature, and
high osmotic pressure), and obvious time effect, the organi-
zational structure, basic behavior characteristics, and engi-
neering response of coal and rock mass have all undergone
fundamental changes [29, 30]. Therefore, in this study, the
deep coal unloading confining pressure and loading axial
pressure experiment are considered together to explore the
influences of the loading axial pressure rate in undistributed
environment on the mechanical properties and energy evo-
lution law of excavation surrounding rock [31], aiming to
provide insights for the support design and surrounding
rock stability control of roadway or other similar excavation
projects.

2. Experimental Overviews

2.1. Experiment Preparation. The coal samples were selected
from the #8 coal seam of a mine located in Xianyang, Shanxi
Province. According to the production standard of coal-rock
mechanics specimens, the coal samples were processed into
cylindrical specimens in a dimension of @50 mm x H100
mm, as shown in Figure 1. The experiment was completed
by adopting the 815.02 electro-hydraulic servo-controlled
rock mechanics testing system (as shown in Figure 2), in
the State Key Laboratory for Geomechanics & Deep
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FIGURE 3: Stress path of unloading confining pressure and loading axial pressure.

TABLE 1: Test results.

Number Loading axial pressure rate  Lateral strain ~ Volume strain ~ Confining pressure  Axial strain  Failure strength Average failure
v,/(MPa/s) /107 £,/107 0;/MPa £,/107 o./MPa strength o_/MPa
1 0.05 -5.409 -8.234 1.107 2.585 39.755
2 0.05 -5.909 -9.024 0.023 2.794 41.227 39.317
3 0.05 -6.542 -10.133 3.451 2.952 36.969
4 0.1 -3.845 -3.317 8.205 4.374 44.802
5 0.1 -6.458 -6.549 4.155 6.367 52.851 53.159
6 0.1 -4.830 -3.769 3.358 5.892 54.071
7 0.2 -4.551 -1.147 9.804 7.954 61.750
8 0.2 -8.235 -7.519 8.600 8.951 67.611 60.879
9 0.2 -4.691 -2.550 11.977 6.832 53.275
10 0.4 -4.170 -0.781 15.755 7.578 55.432
11 0.4 -8.169 -4.961 14.543 11.378 65.524 63.814
12 0.4 -8.102 -4.360 13.929 11.845 70.485
Underground Engineering, China University of Mining &
TN Technology.
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2.2. Experimental Scheme. In the engineering, the construc-
tion stress environment generally refers to the original rock
area or construction disturbance area. The experiment does
not consider the influence of construction disturbance, aim-
ing to simulate the force change of surrounding rock during
the excavation of the solid coal roadway. With the burial
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F1GURE 4: The stress-strain curves.
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- depth of 800m for the #8 coal seam, the initial confining
1 pressure is set at 20 MPa in the experiment, in other words,
when the coal specimen is in the original rock state of
20 MPa, the axial pressure is loaded, and the confining pres-
sure is unloaded until the failure. Considering the average
uniaxial compressive strength of coal body is 22.3 MPa, the
design of loading and unloading stress path are shown in
Figure 3. The specific implementation process is provided
as follows:
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F1GURE 5: The relationship among stress, strain, and loading axial pressure rate. UCPLAP: unloading confining pressure and loading axial

pressure; CTC: conventional triaxial compression.

(1) Under the stress control mode, the loading rate is set
at 0.05MPa/s, with the confining pressure o; and
axial pressure o, alternately loaded every 5MPa to
20 MPa

(2) Under the stress control mode, the confining pres-
sure 05 is unloaded at v; = 0.05 MPa/s, and simulta-
neously, the axial pressure o, is loaded with
v, =0.05MPa/s (0.1 MPa/s, 0.2MPa/s, and
0.4 MPa/s) until the coal sample fails

(3) Under the displacement control mode, the unload-
ing rate v; and the loading rate v, are set at
0.001 mm/s, with the confining pressure o, and axial

pressure ¢, simultaneously conducted to obtain the
full stress-strain curve

3. Results and Discussion

The deformations and failures of coal body under different
loading axial pressure rates are shown in Table 1.

3.1. The Relationship between the Loading Axial Pressure
Rate and Mechanical Properties of the Coal Body. Taking
some typical specimens as an example, Figure 4 shows the
stress-strain relationship of the typical coal specimens under
different loading axial pressure rates.
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FiGURE 7: The relationship between deformation parameters and loading axial pressure rate.

According to Figure 4, the unloading shows good linear
elastic characteristics at the initial stage due to the coal body
at the unloading point in a natural compaction state. The
coal body continues to unload and gradually enters the plas-
tic state until the failure. Taking Figure 5 into consideration,
as the loading axial pressure rate increases, the strength, con-
fining pressure, and axial strain of coal body at failure show
an upward trend, while the variation law of lateral strain and
volumetric strain is not obvious. In Figure 5(c), the failure
strength of coal body increases logarithmically with the
(residual) confining pressure as a whole, and fluctuates
between the inner and outer fitting lines. And compared
with the conventional triaxial compression strength of coal
body, increasing the loading axial pressure rate within a cer-
tain range can strengthen the coal body, which can be
explained by the rapid load axial pressure reflecting the fail-
ure strength under the condition of high confining pressure.
Meanwhile, the loading action on the coal body is controlled

short and insufficient, resulting in low development degree
of internal microcracks and very limited damage accumula-
tion. When the bearing limit of the coal body is reached and
exceeded, the main failure crack is formed instantaneously,
and the failure occurs. Therefore, a rapid load axial pressure
tends to improve the failure strength of the coal body under
the corresponding confining pressure to a certain extent.

Figure 6 shows the failure time of coal body under differ-
ent loading axial pressure rates. As shown in Figure 6, a
greater loading axial pressure rate often leads to a shorter
failure time. Combined with Figure 5(c), the strengthening
effect of increasing the loading axial pressure rate on coal
body is gradually weakened. When the threshold is reached,
to some extent, the mechanical properties of coal body from
axial compression to failure under the approximate initial
confining pressure state are manifested. At this point, the
difference is mainly caused by the differences in the speci-
mens themselves.
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(b) The conversion rate of elastic strain energy and loading axial pressure rate

FiGure 9: Elastic strain energy conversion ratios.

At the failure, the relationship between the deformation
parameters and the loading axial pressure rate of the coal
body is shown in Figure 7.

Figure 7 shows that the elastic modulus and Poisson’s
ratio decrease nonlinearly with the increase of loading axial
pressure rate. In this study, the circumstances under the
Poisson’s ratio greater than 0.5 are not discussed. The
decrease of elastic modulus contributes to the occurrences
of the coal body deformation. In addition, the positive corre-
lation between axial strain and loading axial pressure rate in
Figure 5(b) provides a similar conclusion. However, under
the condition of a high loading axial pressure rate, the coal
body is in a state of higher triaxial compressive stress, and
its failure strength is higher. Although the ductility charac-
teristics of coal body are enhanced, the dynamic failure phe-
nomenon is still prone to occur in the near failure process.
This is related to the stress path of loading and unloading
and the loading axial pressure rate.

3.2. The Relationship between the Loading Axial Pressure
Rate and Energy Evolution of Coal Body. Assuming that
the total work U performed by the test system during the
process of unloading confining pressure and loading axial
pressure is generated by the axial pressure and confining
pressure, and only transformed into elastic strain energy
w, and plastic strain energy w,, it can be expressed as

U=U,+U;=w,+w,, (1)

where U, = [V o,de;, Uy =2 ;" 05des, and w, = (1/2)0 ¢,

Since the unloading point is in the state of 20 MPa
hydrostatic pressure, a large amount of energy has been
stored in the coal body, indicating that the original rock
energy stores in a natural state. Combined with the conven-
tional triaxial compression experiment and the experimental
data of alternate loading of confining pressure and axial
pressure before unloading, the average original rock energy

storage w, under such condition is 0.0912 MJ/m”’. Therefore,
Equation (1) can be rewritten into

U=zwy+ U, +Us=w, +w,. (2)

The experimental data was substituted into the Equation
(2) to obtain the energy evolution of coal body under differ-
ent loading axial pressure rates. The energy evolution pro-
cess of some typical specimens is shown in Figure 8.

According to Figures 8(a)-8(e), with the increase of
loading axial pressure rate, the positive work U, done by
the axial pressure, total work U, and elastic strain energy
w, all show an upward trend, while the regularity of the neg-
ative work U, done by the confining pressure and the plastic
strain energy w is relatively low due to the data at v, =0.2
MPa/s. Figure 8(f) shows the approximate logarithmic rela-
tionship between each energy and the loading axial pressure
rate at the coal failure, which is consistent with the afore-
mentioned conclusion. At the same time, the negative work
U, tends to increase while w, decreases. Under the condi-
tion of low loading axial pressure rate, the test system inputs
less energy to coal body per unit time, resulting in longer
time consumption to reach the energy storage limit of coal
body under a certain confining pressure, providing condi-
tions for long-term driving action of energy for crack devel-
opment and microdamage accumulation in the coal body.
With the increase of loading axial pressure rate, the coal
body tends to reach the failure in a faster manner, with a
low damage accumulation. Therefore, the plastic strain
energy decreases with the increase of loading axial pressure
rate, while the elastic strain energy demonstrates an opposite
trend. Similar to the changes of mechanical properties of
coal body, each energy evolution amplitude gradually
decreases and tends to be stable with the increase of loading
axial pressure rate. At the threshold, the energy changes
from the compression into the failure under initial confining
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Ficure 10: Comparison of excavation unloading and experiment unloading.

pressure. At this point, the internal energy differences of coal
body are mainly caused by the specimen itself.

According to relevant researches on rockburst or impact
of coal and rock mass, a higher releasable elastic strain
energy stored in the coal body can lead to a greater possibil-
ity and risk of dynamic failure of coal and rock mass.
Figure 9 shows the evolution process of elastic strain energy
and the conversion rate at failure time of coal specimen
under different loading axial pressure rates.

According to Figure 9(a), the ratio of the input energy of
the test system into elastic strain energy increases approxi-
mately linearly at the initial stage of unloading (elastic stage)
and then slowly increases to fluctuating change (plastic

stage). Figure 9(b) clearly reflects that the conversion rate
of elastic strain energy at the time of coal failure increases
logarithmically with the increase of loading axial pressure
rate. Therefore, the probability of coal dynamic behavior
increases under the condition of high loading axial pressure
rate. Loading axial pressure at a higher rate tend to shorten
the time from unloading to failure, but retain the triaxial
compression environment closer to the initial confining
pressure, resulting in a higher energy input to reach the
energy storage limit of coal body. The plastic strain energy
is mainly dissipated by forming the main failure crack and
accounts for a low proportion of the total input energy.
Therefore, under most circumstances, the input energy is
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stored in the form of elastic strain energy and released
instantaneously at the failure time, which not only shows
strong failure characteristics but also has a much greater
probability and strength of subsequent dynamic behavior
of failure than that under low-speed load axial pressure.

3.3. Discussion. The unloading path and evolution process of
the coal body in the original rock state in the experiment are
still different from the actual excavation unloading, which is
not completely consistent, as shown in Figure 10.

In the actual excavation process, the studied coal body is
restrained by the surrounding rock along the axial and radial
deep of the roadway with the unloading mainly occurs on
the side of the free space of the roadway (as shown in
Figure 10(a)), resulting in some uneven confining pressure
constraints in the circumferential direction. During the
experiment, the coal body was overall unloaded in the cir-
cumferential direction (Figure 10(b)), resulting in the uni-
form confining pressure constraints at all times. When the
loading axial pressure rate is significantly higher than the
unloading rate, the experimental stress path can evolve into
axial loading under high confining pressure in a short time
(Figure 10(c)). A greater loading axial pressure rate can lead
to a closer circumferential confining pressure constraint to
the initial confining pressure.

Taking the experimental results into consideration, the
following conclusions can be drawn. (1) Compared with
the experimental coal body, less negative work was done
by the confining pressure to the surrounding rock (shallow)
coal body in the actual excavation roadway, and the internal
energy storage of coal body increases rapidly under the con-
dition of equal loading axial pressure rate. The internal dete-
rioration before the failure of coal body and the dynamic
behavior at the failure time of coal body tend to be more
obvious. (2) In actual production, the roadway support is
considered as the most important method to maintain the
stability of surrounding rock, which depends on the support
timing. Appropriate unloading and timely support after
roadway excavation can transform the surrounding rock
support system from a low-energy environment into an
affordable high-energy environment in the process of stabi-
lization. The immediate support after excavation tends to
place the surrounding rock support system in a high-
energy environment at the initial stage, resulting in more
input energy during the stabilization process. When the
environmental energy storage exceeds the bearing limit of
the surrounding rock support system, some strong ground
pressure behaviors and even a certain scale of rock burst
can take place. The former is like a low-speed load axial
pressure, which has a certain time to achieve confining pres-
sure drop, while the latter is similar to the high-speed load
axial pressure, which is more likely to cause dynamic acci-
dents [32-34].

4. Conclusions

The stress path of unloading confining pressure and loading
axial pressure is in line with the stress adjustment process of
surrounding rock in the undisturbed general excavation of

underground engineering (such as solid coal roadway exca-
vation). Based on the experiment, the effect of loading axial
pressure rate on the mechanical characteristics and energy
evolution law of coal body is analyzed, with the following
conclusions obtained:

(1) As the loading axial pressure rate increases, the peak
strength, confining pressure, and axial strain increase
at the time of coal failure, while the variation laws of
lateral strain and volumetric strain are not obvious;
meanwhile, stress environment of coal body evolves
to axial compression under near initial confining
pressure with the failure mode evolving from the
brittle failure to the ductile failure

(2) As the loading axial pressure rate increases, the pos-
itive work done by the axial pressure, total work, and
elastic strain energy increase, while the negative
work done by the confining pressure and plastic
strain energy decrease. The energy evolution inside
the coal body becomes less dramatic, until the stabi-
lization. The elastic strain energy conversion rate
increases in logarithmic form, which increases the
probability and strength of instantaneous failure
and subsequent dynamic behavior under high-
speed loading

(3) Some differences between the stress adjustment of
surrounding rock in actual excavation and the
unloading of pseudotriaxial experiment have been
noticed. Under the same condition, the internal dete-
rioration before coal failure and the dynamic behav-
ior at the coal failure time of the former tend to be
more significant. According to the experiment, some
appropriate pressure relief and timely support after
roadway excavation can reduce the risk of dynamic
disasters to some extent
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